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Geo-neutrino observations probe the quantities and distributions of terrestrial heat-producing el-
ements uranium and thorium. The quantities of these elements gauge global radiogenic power,
offering insights into the origin and thermal history of the Earth. The distributions reveal the initial
partitioning and subsequent transport of these trace elements between metallic core, silicate mantle,
and crust types. Ongoing observations at underground sites in Japan and Italy record the energies
but not the directions of geo-neutrinos from uranium and thorium. Without directions pointing
back to source regions, disentangling the signals from various reservoirs requires resolution of dif-
fering rates or energy spectra at separate sites. Due to limited statistics and site contrast, however,
the observations at Japan and Italy do not yet measure distinct rates or energy spectra. Further
analyses of the observations that derive fluxes, determine a signal from the mantle, and assess the
global radiogenic power of uranium and thorium, depend on geochemical assumptions and model
predictions. This letter discusses opportunities for eliminating or minimizing these dependencies
through observations at dissimilar sites, producing robust geo-neutrino results.
I. INTRODUCTION
Electron antineutrinos from radioactive isotopes
within the Earth are observed with high significance at
two underground locations [1, 2]. Radioactive isotopes
with lifetimes comparable to the age of Earth and which
initiate nuclear β− decays are candidate sources. These
isotopes include 40K, 87Rb, 232Th, 235U, and 238U. Fig-
ure 1 shows the emission spectra of these isotopes. Mul-
tipurpose detectors at underground locations efficiently
record the inverse beta decay of the free proton
νe + p→ n+ e+. (1)
This quasi-elastic interaction requires antineutrino en-
ergy greater than 1.8 MeV. Consequently, these detectors
are sensitive to 232Th and 238U but not to 40K, 87Rb, and
235U. The kinetic energy of the scattered positron in (1)
is related to the antineutrino energy by Te+ = Eν − 1.8
MeV. This relationship allows measurement of the spec-
trum of the highest energy geo-neutrinos from 232Th and
238U. The shape of the measured energy spectrum de-
pends on the relative contributions of 232Th and 238U, or
equivalently the effective thorium to uranium elemental
ratio (Th/U) of the geo-neutrino signal at the detection
site. Figure 2 shows energy spectra for several values
of Th/U. The similar shapes of the spectra indicate the
challenge of measuring different values of Th/U.
The measured rate of geo-neutrino interactions de-
pends on the proximity of the observatory to the geo-
chemical reservoirs of uranium and thorium. The ini-
tial inventory of uranium and thorium contents during
formation of the Earth and any subsequent redistribu-
tion by various processes determine the mass fractions of
these trace elements in the various reservoirs. Redistribu-
tion processes include geochemical fractionation between
metallic core, silicate mantle, and crust types [3] and
transport by geological and biological activity [4]. Sev-
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FIG. 1. Energy spectra of geo-neutrinos from 40K, 87Rb,
232Th, 235U, and 238U. The vertical dashed line marks the
1.8 MeV threshold energy of (1).
eral other hypothetical processes [5–8], introduced to ex-
plain measurements of a greater samarium to neodymium
elemental ratio of the silicate Earth compared with chon-
dritic meteorites [5], could contribute but are less tenable
in light of recent assessments [9, 10]. The geochemical
behaviors of uranium and thorium are not identical in
the processes listed above. This affects the shape of the
measured geo-neutrino energy spectrum at a given site.
The fundamental result from the geo-neutrino obser-
vations at Japan and Italy is the measured rate of in-
teractions. It is simply the number of recorded interac-
tions divided by the detector exposure, which is the num-
ber of target protons multiplied by the operation time.
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FIG. 2. Geo-neutrino energy spectrum detected by (1) for
several values of Th/U. The area under each curve is normal-
ized to one interaction.
The measured rate of geo-neutrino interactions is free of
geochemical assumptions and model predictions. A sec-
ondary result, which derives from the directly measured
rate, estimates the fluxes of geo-neutrinos from uranium
and thorium. Flux estimates depend on the shape of the
two-component energy spectrum, which the observations
are yet to resolve. To get past this, analyses find the
best fit of the data to an assumed spectral shape. The
assumed shape is given by Th/U = 3.9, which is the ra-
tio found in chondritic meteorites. Fixing Th/U at 3.9
fixes the flux ratio φ(Th)/φ(U) at 0.85. This geochem-
ical assumption leads to potentially biased estimates of
the observed fluxes. A tertiary result determines mantle
fluxes using a prediction of site-dependent crustal fluxes
and restricting geo-neutrino production to the silicate
Earth, which excludes the metallic core. Mantle fluxes
do not uniquely define mesospheric distributions of ura-
nium and thorium. A further result, which depends on
the mantle distributions, the predicted lithospheric dis-
tributions, and the assumed chondritic spectral shape,
assesses global radiogenic power from uranium and tho-
rium. The number of geochemical assumptions and pre-
dictions indicates the level at which geochemistry informs
geo-neutrino results. This letter discusses opportunities
for using geo-neutrino results to inform geochemistry.
II. OBSERVATIONS
Geo-neutrinos were observed initially at Japan [11].
A total of 25+19−18 geo-neutrino interactions were recorded
during an efficiency-corrected exposure of (4.87±0.24)×
1031 target proton years. A rate of 5.1+3.9−3.6×10−31 per tar-
get proton per year was measured. Assuming the chon-
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FIG. 3. Comparison of observations (black ∗) and predic-
tions (red ∗) of the geo-neutrino flux due to uranium plus
thorium versus Th/U for the observation sites at Kamioka,
Japan (black line) and Gran Sasso, Italy (blue line). The
green band shows the range of fluxes consistent with the ob-
servations and predictions.
dritic spectral shape (Th/U= 3.9) established a 99% con-
fidence upper limit to the geo-neutrino flux from uranium
plus thorium of 1.62 × 107 cm−2s−1. A subsequent ob-
servation of geo-neutrinos was made at Italy [12], using
an exposure of 1.52×1031 target proton years (252.6 ton
year × 6.02×1028 target protons per ton). When adopt-
ing the same chondritic spectral shape, a total of 9.9+4.1−3.4
geo-neutrino interactions were recovered, resulting in a
measured rate of 6.5+2.7−2.2 × 10−31 per target proton per
year. Larger samples of geo-neutrino interactions, lead-
ing to more precise measurements, were recorded during
continued observations at the sites in Japan and Italy
[1, 2, 13, 14].
The most recently reported estimates of the geo-
neutrino flux due to uranium plus thorium are 3.4± 0.8
cm−2µs−1[1] at Japan and 5.0 ± 1.3 cm−2µs−1[2] at
Italy. Both estimates assume the chondritic ratio, giv-
ing φ(Th)/φ(U) = 0.85. The magnitudes of these flux
estimates are in good agreement with the predictions of
a geochemical model [15]. The model predicts 3.6+0.7−0.5
cm−2µs−1 at Japan and 4.7+1.2−0.9 cm
−2µs−1 at Italy when
assuming an average suppression of< Pee >= 0.55 due to
neutrino oscillations. While both measurements assume
a spectral shape given by Th/U = 3.9, the geochemical
model predicts Th/U = 4.0 at Japan and Th/U = 4.5 at
Italy. Figure 3 compares the observed and predicted ura-
nium plus thorium fluxes and Th/U values of the fluxes
at the observation sites.
3III. INDEPENDENT CONFIRMATION OF
NON-UNIFORM RATES
Analyses of geo-neutrino observations typically com-
pare estimates of the uranium plus thorium fluxes with
predictions of the non-uniform fluxes from crust types as
determined by geochemical models. The differences are
attributed to the fluxes from the mantle, excluding the
core. For a potential mesospheric distribution of ura-
nium and thorium, which is constrained by the prede-
termined mantle fluxes, analyses claim that geo-neutrino
observations reveal a partial radiogenic heat model for
Earth [13, 16]. An alternative interpretation of the obser-
vations, which is introduced as a potential geo-neutrino
product, notes that the magnitudes of the estimated and
predicted fluxes at the two sites are consistent within
uncertainties (Fig. 3). Consequently, the observations
do not independently confirm the geochemical predic-
tion of non-uniform uranium and thorium mass fractions.
The null hypothesis becomes uniformly distributed mass
fractions throughout spherical shells within the planet,
producing a constant rate of geo-neutrino interactions
from uranium and thorium. Presuming both observa-
tions are estimating the same surface flux suggests taking
a weighted average of the two results. This calculation
gives φU+Th = 3.8 ± 0.7 cm−2µs−1 as the best estimate
of the hypothetical constant surface flux.
Interestingly, the alternative interpretation of a con-
stant surface flux is not ruled out by the surface heat
flow measurement of 47 ± 2 TW [17]. The preliminary
reference earth model (PREM) [18] gives the density pro-
file of a spherically symmetric Earth. According to the
PREM, the geophysical response G for the whole planet
is 1.60 × 109 g cm−2, while for the silicate mantle and
crust it is 1.20× 109 g cm−2 [19]. Using the isotopic ac-
tivities of 238U and 232Th, lU = 7.46 × 104 g−1s−1 and
lTh = 1.62× 104 g−1s−1 [19], respectively, estimates the
mass fraction of uranium,
aU =
φU+Th
(lU + lThTh/U) < Pee > G
. (2)
Corresponding mass fractions of thorium and potassium
follow by scaling, according to aTh = aUTh/U and
aK = aUK/U. The following example assumes Th/U=
3.9 to be consistent with the geo-neutrino observations
and K/U= 12000. If the heat-producing elements are
distributed uniformly throughout the whole planet, the
mass fractions are aU = 32±6 ng/g, aTh = 124±22 ng/g,
and aK = .038 ± .007 wt%. If the heat-producing ele-
ments are distributed uniformly throughout the silicate
portion of the planet and absent from the metallic core,
the mass fractions are aU = 42± 8 ng/g, aTh = 165± 29
ng/g, and aK = .051 ± .009 wt%. Using the PREM
masses of the whole Earth (M = 5.97 × 1027 g) and
the silicate Earth (MSE = 4.03 × 1027 g and applying
the specific heat productions of uranium, thorium, and
potassium, hU = 9.85 × 10−8 Wg−1, hTh = 2.63 × 10−8
Wg−1, and hK = 3.33 × 10−12 Wg−1 [19], respectively,
assesses the radiogenic power of the hypothetical distri-
butions. A uniform distribution of heat-producing ele-
ments throughout only the silicate portion of the planet
gives 41 ± 7 TW of radiogenic power. A uniform distri-
bution throughout the whole planet gives 46 ± 8 TW of
radiogenic power. Both power values are consistent with
the measured surface heat flow of 47 ± 2 TW [17] and,
therefore, with a fully radiogenic heat model for Earth.
When considering the whole planet distribution the core
receives radiogenic heating per unit mass of 7.6±1.4 pW
kg−1, which is consistent with estimates of the power
requirements for the geodynamo [20].
Independent confirmation of non-uniform distributions
of uranium and thorium may require observations at sites
with greater difference between the predicted fluxes, or
site contrast. A simple study estimates the exposures at
selected sites that are needed to measure a geo-neutrino
interaction rate different from the constant rate of the
null hypothesis. The hypothetical constant flux of 3.8±
0.7 cm−2µs−1 corresponds to an interaction rate from
(1) of 3.4± 0.6× 10−31 per target proton per year when
setting Th/U = 3.9. Geo-neutrino rates are sometimes
expressed in terms of the terrestrial neutrino unit (TNU),
where 1 TNU equals 10−32 per target proton per year.
An inverse TNU is a unit of exposure, where 1 TNU−1
equals 1032 target proton years. The best estimate of the
rate, corresponding to the constant surface flux, is 34±6
TNU.
Three continental sites and one oceanic site serve as
examples in the study. The geo-neutrino rates, includ-
ing uncertainties, at these prospective sites are predicted
by a geochemical model [15]. These predictions define
the range of the geo-neutrino signal rate (S). The study
assumes the background rate (R) results only from nu-
clear reactors. A recent appraisal of the site-specific re-
actor rates in the relevant geo-neutrino energy range as-
sesses this background [21]. A figure of merit given by
S/
√
S +R expresses the error on the geo-neutrino rate
measured at the site. Figure 4 shows the estimated ex-
posures at each site that are needed to measure a geo-
neutrino rate that is different from the hypothetical con-
stant rate. As expected, the sites with the largest differ-
ence between predicted rates, or exhibiting the greatest
contrast, require the smallest exposures. The required
exposures at these sites (. 1 TNU−1) appear to be well
within reach of future observations when compared with
exposures already realized at existing sites.
IV. INDEPENDENT CONFIRMATION OF
DIFFERENTIAL MASS FRACTIONS
The shape of the energy spectrum of geo-neutrinos ini-
tiating (1) is determined by the relative contributions of
232Th and 238U, or equivalently by the effective elemental
ratio of thorium to uranium Th/U. According to a geo-
chemical model [15], which predicts Th/U = 4.0 at Japan
and Th/U = 4.5 at Italy, the energy spectrum varies from
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FIG. 4. Each colored curve estimates the exposure at a
selected site that is required to independently confirm the
geochemical prediction of non-uniform uranium and thorium
mass fractions by measuring a geo-neutrino rate that is not
consistent (1σ) with the best estimate of the uniform surface
rate (Runi = 34.4 ± 6.1 TNU). Vertical dotted lines mark
the range of the measured rate. The horizontal ranges of the
curves with the ∗ symbols represent the rates ±1σ predicted
by a geochemical model [15]. The black dashed curve follows
the exposure needed for 10 geo-neutrino events. For refer-
ence, horizontal dotted lines next to the vertical axis mark
the exposures of the most recently reported geo-neutrino ob-
servations at Japan (KL 2013) [1] and Italy (BX 2015) [2].
site to site because of differential uranium and thorium
mass fractions. Due to limited statistics and site con-
trast, the existing geo-neutrino observations at Japan [1]
and Italy [2] do not resolve the Th/U variation expected
from the initial partitioning and subsequent redistribu-
tion of uranium and thorium between metallic core, sili-
cate mantle, and crust types.
Using contrasting sites, according to a geochemical
model [15], a simple study estimates the number of events
needed at each site to distinguish between different val-
ues of Th/U. A continental site and an oceanic site serve
as examples. The effective thorium to uranium elemental
ratios, which are predicted by the geochemical model [15],
are Th/U = 4.4 at the continental site and Th/U = 3.7
at the oceanic site. Separating the normalized spectrum
for a given value of Th/U at the endpoint energy of the
232Th geo-neutrinos (Emax = 2.254 MeV), defines high
and low energy regions. While the high energy region
is due solely to uranium, the low energy region is due
to thorium and uranium. As shown is Fig. 2 the ar-
eas of these regions see-saw about the dividing energy
as Th/U changes value. The normalizing condition re-
quires fh + fl = 1, where fh is the fractional area above
the dividing energy and fl is the fractional area below
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FIG. 5. Estimated number of events needed at each site to
distinguish between different Th/U ratios according to (3).
The chondritic ratio of 3.9 (vertical black dotted line) de-
fines the spectral shape assumed by existing geo-neutrino flux
measurements (black curves). At the selected continental site
(Himalaya- red curves) the predicted ratio is 4.4 (vertical red
dotted line), while at the selected oceanic site (Pacific- blue
curves) the predicted ratio is 3.7 [15]. The estimated number
of events at both sites needed to resolve these selected values
is found at the intersections of the curves and the vertical
dotted lines.
the dividing energy. Using Poisson statistics to deter-
mine uncertainties simplifies the estimate of the number
of events needed at each site to distinguish between dif-
ferent values of Th/U. In terms of the fractional areas f
and g and assuming perfect separation of the high and
low energy regions, then resolution at 1σ is possible with
a number of events
N =
[
gl/gh
√
1/gl + 1/gh + fl/fh
√
1/fl + 1/fh
fl/fh − gl/gh
]2
. (3)
Resolution at 2σ (3σ) requires 4 (9) times this number.
Figure 5 shows the results of applying (3) to the Th/U
values predicted at the contrasting sites. An estimated
4000 events are required to resolve at 1σ different shapes
of the energy spectra at the continental and oceanic sites.
Assuming the geo-neutrino rates predicted at these sites,
the corresponding exposures are > 60 TNU−1 at the con-
tinental site and > 300 TNU−1 at the oceanic site. These
exposures are factors of 10 and 50, respectively, larger
than any realized to date.
V. PREDICTING CRUSTAL RATES
Conventional analyses of geo-neutrino observations de-
termine mantle fluxes by subtracting predicted crustal
5fluxes from the estimated total fluxes. Both statistical
and systematic uncertainties contribute to the error on
the determined mantle fluxes. Systematic uncertainties
come from the predicted crustal fluxes and a possible bias
from assuming a spectral shape. Statistical uncertainties
come from the estimated total fluxes. As the statistical
precision of geo-neutrino observations improves with in-
creased exposures, the systematic uncertainties begin to
limit the precision of the determined mantle fluxes. Im-
proved precision results from taking the quadratic sum
of errors on presumably independent predictions of the
fluxes from nearby and far away crust portions[13, 16].
While the same geochemical model suitably predicts the
far away portion at observation sites, the nearby por-
tions require individual predictions. Geochemical inves-
tigations provide these predictions at several observation
sites [22, 23]. At other observation sites, predictions rely
on the geochemical model, prompting recommendations
for separate investigations at each site [24, 25].
An alternative method, which minimizes geochemical
assumptions and predictions, predicts the crustal geo-
neutrino interaction rates. It uses the geo-neutrino obser-
vations to inform geochemistry. This method requires the
geochemical assumption that the rate of observed geo-
neutrinos from the mantle is constant near the Earth’s
surface. A geochemical model, which predicts mantle
fluxes at various sites that are within ±3% [15] of each
other, supports this assumption.
The observed rate of candidate geo-neutrino interac-
tions is T = C + M + R + B, where T is the total
rate, C is the crustal rate, M is the mantle rate, R is
the rate from nuclear reactors, and B is the rate from
non-neutrino background sources. The latter two are
typically estimated with good precision [2] and can be
subtracted reliably to assess the geo-neutrino signal rate,
S = C + M . Taking observations at two sites and im-
posing the assumption of a constant mantle rate gives
the crustal rate at one site, C0, in terms of the crustal
rate at the other site, C, and the signal rates at the two
sites, C0 = C + S0 − S. Assuming independent errors,
the uncertainty of C0 is
δC0 = (δC
2 + δS20 + δS
2)1/2, (4)
where δC is to be minimized and δS0 and δS are pri-
marily determined by Poisson statistics. In the limit of
infinite statistics δC0 ' δC, showing that in principle
the crustal rate at any site with a geo-neutrino observa-
tory can be determined with precision approaching that
of the site with the smallest uncertainty on the predicted
crustal rate.
VI. DISCUSSION
The results of the presented studies guide estimates
of the operation time required by various geo-neutrino
detection projects to independently confirm the geo-
chemical prediction of non-uniform and differential ura-
nium and thorium mass fractions. Calculated operation
times assume that each detector has a target density of
7.25×1028 protons per tonne. Detection sites with target
masses include projects on the continent: Sudbury with
780 tonnes [26], Himalaya with 3 kT [25], and Homes-
take with 30 kT [27]; and a project in the ocean: Pacific
with 10 kT [28]. Assuming measured rates are those pre-
dicted by a geochemical model [15], the approximate op-
eration times to exclude the null hypotheses of constant
rate and constant Th/U are listed in Table I. These rough
estimates result from simple studies, suggesting more so-
phisticated analyses are needed for planning observations
that independently confirm the geochemical prediction of
non-uniform and differential uranium and thorium mass
fractions.
The Sudbury project is most likely to begin operation
before projects at the other sites [26]. However, the es-
timated operation time for this project to exclude the
constant rate hypothesis approaches 10 years. Given the
relatively short operation times estimated at other sites
(< 1 year), there is no clear prediction on which project
is most likely to exclude the null hypothesis of a con-
stant geo-neutrino rate. However, the prospects appear
to be good for measuring a variation in the surface rate
of geo-neutrinos within the next decade. The suggested
measurement of this variation is free of geochemical as-
sumptions and predictions. Such a geo-neutrino mea-
surement would constitute an independent confirmation
of non-uniform mass fractions of uranium and thorium.
Resolution of different geo-neutrino spectral shapes re-
quires larger exposures than ruling out the constant geo-
neutrino rate hypothesis, according to study herein. Ex-
posures requirements at oceanic sites appear more de-
manding than at continental sites due to smaller pre-
dicted rates in the ocean. This study suggests that an
oceanic detector of at least 30 kT is needed to complete
the measurement in ∼ 10 years. A detector of the same
size deployed at a continental site completes the mea-
surement in ∼ 3 years. Note, however, that resolution of
different geo-neutrino spectral shapes requires measure-
ments at both sites. Since the effective observation time
is the longer of the two, the continental detector could
be ∼ 3 times smaller than the oceanic detector without
delaying the result. The suggested measurement of the
variation in the spectral shapes is free of geochemical
assumptions and predictions. Such a geo-neutrino rmea-
surement would constitute an independent confirmation
of differential mass fractions of uranium and thorium.
A significant source of uncertainty associated with geo-
neutrino results, particularly assessments of radiogenic
heating, comes from the geochemical prediction of the
crustal rates at observation sites. An alternative method
of predicting the these rates uses geo-neutrino observa-
tions to reduce this uncertainty. Although this method
requires a crustal rate prediction and the assumption of
a constant mantle rate, it is otherwise free of geochemi-
cal assumptions and predictions. The following example
using (4) outlines the potential reduction in uncertainty.
6TABLE I. Approximate operation times in years for detec-
tion projects at various sites to test the constant rate and
constant Th/U hypotheses, assuming the rates predicted by
a geochemical model [15]. A minimum time required to col-
lect at least 10 geo-neutrino events is imposed on the projects
at Himalaya and Pacific for the test of the constant rate hy-
pothesis. Resolution of different spectral shapes supposes ex-
posures at a continental site and an oceanic site. Operation
times are for Th/U = 4.4 at continental sites and Th/U = 3.7
at the oceanic site.
Hypothesis Sudbury Himalaya Homestake Pacific
Constant rate 1-30 0.1-0.2 0.1-1 1
Constant Th/U 100 20 3 30
According to a geochemical model, the uncertainty on
the predicted uranium plus thorium crustal rates at ob-
servation sites near the middle of the Pacific Ocean is
less than 1 TNU [15]. With reasonable statistics (δS0
and δS . 1 TNU), an oceanic detector [28] could esti-
mate the mantle rate at a level of ∼ 10% and predict
the crustal rates at continental observation sites [25, 26]
at a level of ∼ 5%. Existing predictions of the crustal
rates at continental sites achieve a precision of no better
than ∼ 15% [22, 23]. The suggested alternative method
supports the use of geo-neutrino observations to inform
geochemistry.
VII. CONCLUSIONS
Existing geo-neutrino observations at Japan and Italy
do not yet resolve different geo-neutrino rates or energy
spectra. These observations are consistent with a geo-
neutrino signal with a rate and spectral shape constant
everywhere near the surface of the Earth. The best es-
timate of the constant rate is not excluded by measure-
ments of the surface heat flow. An anticipated update of
the observation at Japan is not expected to significantly
change these results. This letter explores the exposure
requirements for resolving different rates and spectral
shapes with measurements at continental and oceanic
detection sites. It finds that exposures of a few kT-y
resolve different rates. The exposures to resolve different
spectral shapes are about a few 100 kT-y. Tests of the
constant surface flux and the constant spectral shape hy-
potheses are free of geochemical assumptions and model
predictions. They provide independent confirmation of
the non-uniform and differential mass fractions of ura-
nium and thorium that are predicted by geochemistry. A
suggestion to use geo-neutrino observations for predict-
ing crustal rates provides an alternative to geochemical
modeling. Observations at contrasting sites, such as the
Himalayas and the middle of the Pacific Ocean, facilitate
these robust geo-neutrino results.
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